Abstract: We report on the ability for luxury Fe uptake and the potential for growth utilizing 31 intracellular Fe pools for 4 coastal centric diatom isolates and in situ phytoplankton assemblages, 32 mainly composed of diatoms. Iron uptake of the diatom isolates and natural phytoplankton 33 assemblages in the Oyashio region during spring blooms were prevented by adding hydroxamate 34 siderophore desferrioxamine B (DFB). After the addition of DFB, intracellular Fe in the diatom 35 isolates supported 2.4-4.2 cell divisions with 1.2-2.6 Chl a doublings. The intracellular Fe was 36 primarily used for cell generation rather than Chl a production, leading to a reduction in the Chl a 37 cell quota in the Fe-starved cells with time. The metabolic properties of the Fe-starved cells with 38 their cell morphologies were different among species or genera. An on-deck incubation experiment 39 also exhibited 1.9 cell divisions and 0.81 Chl a doublings of phytoplankton after the addition of 40 DFB also indicating the preference of cell generation over Chl a production. A decrease in the level 41 of cellular Chl a, a main light-harvesting pigment in Fe-starved diatoms may become a superior 42 survival strategy to protect the cells from high irradiance that can cause photo-oxidative damages 43 through photosynthesis. Such relatively low-Fe with high-light conditions could often occur in 44 surface waters of the Oyashio region from spring to summer.
Introduction 61
Over the last few decades, many studies have shown iron (Fe) to be the most importantmicronutrient for marine phytoplankton growth, because of its role in key metabolic processes such 63 as photosynthesis, respiration, and nitrate and nitrite assimilations (Geider and Roche, 1994; Raven 64 et al., 1999). The Fe acquisition by phytoplankton is strongly influenced by seawater chemistry and 65 speciation in seawater (Morel et al., 2008) . In oxic seawater, Fe is present predominantly in the 66 insoluble (extremely low solubility) and thermodynamically stable 3+ oxidation state (Kuma et al., 67
1996; Stumm and Morgan, 1996) . The rate of Fe uptake by phytoplankton is related to the 68 computed equilibrium concentration of Fe 3+ in seawater; this uptake is dependent on the 69 concentration of dissolved inorganic Fe(III) species (Fe(III)′), which is proportional to [Fe were passed through Chelex 100 ion-exchange resin to remove trace metals (Morel et al., 1979) . 162
Diatoms at the late exponential growth phase in f/2 medium were inoculated into modified f/2 163 medium, which was prepared without adding any trace metals, EDTA, nor vitamins to the f/2 164 medium, before the culture experiment to obtain slightly Fe stressed cells. The diatoms were 165 acclimated in the Fe-and manganese (Mn)-added modified f/2 media, to which ferric Fe All incubation apparatuses used in the shipboard experiment were rigorously acid-washed 219
and Milli-Q rinsed according to Takeda and Obata (1995) . All the preparations for the shipboard 220 incubation were performed in a clean room or on a clean bench (Class 100). After sieving with a 221 100 µm acid-cleaned Teflon-mesh to eliminate mesozooplankton, seawater samples were 222 CV and SA (p < 0.01, 1-way ANOVA) during 7-9 day incubation periods under the Fe-starved 253 conditions by adding DFB ( Table 2 ). The CV and SA of S. costatum s.l. increased after 6 day of 254
Fe-starved incubation with 1.5-1.7-fold higher than the values at the beginning of the experiment (p 255 < 0.01, 1-way ANOVA). A slight increase in surface area to cell volume ratio (SA/CV) with 256
Fe-starved incubation was observed for all 4 species (Table 2) . 257 
2010a). 308
The Chl a concentration of natural phytoplankton assemblages increased over 1-3 days of 309 cultivation, and the net growth rate was faster in control than in DFB treated conditions. The highest 310
Chl a concentration was observed at 3 day of incubation with approximately 32 µg L −1 in the 311 control and 21 µg L −1 in DFB treatment ( Fig. 7a-1 ). The Chl a concentration at 5 day of incubation 312 in controls was 1.5-times higher than that seen in DFB treatment, while the diatom cell yields at 5 313 day of incubation in the control was almost the same as those in the DFB treated conditions (Fig.  314 7a-2). Throughout the in situ phytoplankton incubations, centric diatoms of Thalassiosira spp. and 315
Chaetoceros spp. (subgenus Hyalochaete) were predominant, accounting for >97% of diatom 316 abundance, with pennate diatoms being only a minor component <2.5% (Fig. 7a-2 ). Other 317 phytoplankton groups were extremely low dominancy under microscopic observation, and the 318 diatom species were commonly seen in the Oyashio region during spring bloom (Tsuda et al., 2005 ; 319 Sugie et al., 2010a, 2010b). On day 5 of DFB treatment, diatom cell density had increased to 320 ~12,000 cells mL −1 representing 1.9 cell divisions, while the Chl a concentration was only 0.81 321 doublings. Macronutrient concentrations in controls decreased rapidly to nearly zero at 3 day for 322 NO 3 +NO 2 and Si(OH) 4 , and reached and remained ~0.25 µmol L −1 during 3-5 day of cultivations 323 for PO 4 . Macronutrient concentrations in DFB treatments also decreased rapidly to nearly zero at 3 324 day for NO 3 +NO 2 (Fig. 7b-1) , remained 0.4 µmol L −1 at 5 day for PO 4 ( Fig. 7b-2 ) and 1.4 µmol L −1 325 at 5 day for Si(OH) 4 ( Fig. 7b-3) .
diatoms, because a reduction in cell size increases the SA/CV ratio and thereby maximizes 331 transporter uptake rates relative to cellular Fe requirements (Sunda and Huntsman, 1995 concentrations with a reduction in CV of 14-44% and an increase in SA/CV ratio of 9-40% 337 (Marchetti and Harrison, 2007). Similarly, 3 out of the 4 diatom species cultured in the present 338 study showed reduction in CV and SA (of 15-20% and 8.5-14%, respectively) in Fe-starved 339 conditions produced by the addition of DFB (direct Fe-100-DFB 1 d medium). These reductions 340
were associated with an increase in SA/CV ratio of 7-8% (Table 2) SA of 68%, and subsequently a slight increase in SA/CV ratio of ~3% (Table 2) . It is thus evident 344 that species and/or genera differ in the extent to which they can alter their cellular dimensions under 345 The cell growth of all 4 centric diatom species was maintained for 4-6 days after thethe cell growth rates for ~2-3 days after the DFB addition in direct Fe-100-DFB-1 d media were the 361 same as those in direct Fe(III) input media. However, Chl a growth rates decreased within 1-2 days 362 after the addition of DFB. Therefore, the stored Fe via the luxury Fe uptake supported only for 1-2 363 days or 1-2 cell divisions. The surplus 2-3 times of cell divisions after the DFB addition considered 364 to be maintained by sharing intracellular functional Fe pools with daughter cells. The Chl a cell 365 quota in Fe-depleted DFB added media (e.g. direct Fe-10-DFB-1d, and direct Fe-100-DFB-1d 366 media) tended to decrease logarithmically with time after the DFB addition (Fig. 8) . The reduction 367
in Chl a cell quota was 57-73% while the reduction in CV was about 10% (Table 2) intracellular Fe after the addition of DFB is a salient phenomenon observed in the present study (Fig.  432 7b-1). The increase in Chl a concentration in controls was greater than that in DFB treatment 433 probably due to the further Fe uptake from ambient seawater. Although the increase in diatom cell 434 density and species composition in both conditions were almost the same, the smaller increase in 435
Chl a concentration in DFB treatment than control would come from the reduced Chl a cell quota of 436 the diatoms under Fe-deficient condition. These in situ results are consistent with those in our 437 laboratory study with one order of magnitude higher Fe concentration. In addition, the decrease in 438
Chl a growth rate soon after the DFB addition may be due to the simultaneous degradation in 439 functional intracellular Fe pools and its distribution to daughter cells. The further increase in cell 440 density and Chl a concentration of the in situ phytoplankton community after the DFB addition was 441 probably due to NO 3 +NO 2 and Si(OH) 4 depletions. 442
It is notable that, in comparison to the centric diatoms, pennate diatom species did not 443 undergo an increase in cell numbers to any prominent extent following the addition of DFB. This 444 suggests that the pennate diatoms, which could have the specific Fe-storage protein ferritin 445 
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